The Parkes multibeam pulsar survey has led to the discovery of more than 700 pulsars. In this paper, we provide timing solutions, flux densities and pulse profiles for 180 of these new discoveries. Two pulsars, PSRs J1736−2843 and J1847−0130 have rotational periods P > 6 s and are therefore among the slowest rotating radio pulsars known. Conversely, with P = 1.8 ms, PSR J1843−1113 has the third shortest period of pulsars currently known. This pulsar and PSR J1905+0400 (P = 3.8 ms) are both solitary. We also provide orbital parameters for a new binary system, PSR J1420−5625, which has P = 34 ms, an orbital period of 40 days and a minimum companion mass of 0.4 solar masses. The 10
INTRODUCTION
Observing for the Parkes Multibeam pulsar survey (hereafter referred to as the 'multibeam survey') has been completed. Full details of the telescope, hardware and software used were provided in Manchester et al. (2001) along with the rotational, astrometric and derived parameters for 100 pulsar discoveries. Morris et al. (2002) and Kramer et al. (2003) provided parameters for a further 320 discoveries timed for at least one year at the Parkes, Jodrell Bank and/or Arecibo observatories. Here, we provide timing solutions for 180 newly discovered pulsars. With this paper a total of 600 timing solutions for the multibeam discoveries have now been published.
We have successfully redetected 249 of the 264 previ-⋆ Email: george.hobbs@csiro.au ously known radio pulsars that lie within the survey region (defined by the Galactic coordinates, 260 • < l < 50 • and |b| < 5
• ) and have redetected a further 32 pulsars that lie outside this nominal survey region. For many of these redetected pulsars, the 35 minute observation used during the survey is longer than any previous observation. Here, we analyse these long observations to obtain, for each pulsar, a flux density at 20 cm, pulse widths and dispersion measure. The flux densities are compared to other flux density measurements, at different observing frequencies, existing in the literature to obtain new spectral indices for 38 pulsars. This paper is divided into three major parts. In the first, we describe the observing systems used for the timing of the new multibeam survey discoveries and provide timing solutions for these pulsars. In the second, we highlight some particularly interesting discoveries such as the long-period pulsars PSRs J1736−2843 and J1847−0130, the solitary mil- Table 1 . Positions, flux densities and pulse widths for 180 pulsars discovered in the Parkes multibeam pulsar survey. Radial angular distances are given in units of beam radii. Timing solutions indicated by a J or an A have a significant number of observations from the Jodrell and Arecibo telescopes respectively. Pulse widths at 10 percent of the peak are given only for high signal-to-noise profiles. lisecond pulsars PSRs J1843−1113 and J1905+0400 and the binary system PSR J1420−5625. The third section contains a discussion on previously known pulsars redetected during the multibeam survey. We conclude by mentioning how these new results will be used to improve upon earlier studies of the Galactic pulsar population.
DISCOVERY AND TIMING OF 180 PULSARS
The pulsars detailed in this paper have been observed multiple (typically around 25) times for at least one year using the Parkes 64-m, the 305-m Arecibo and/or the 76-m Lovell telescopes. The observing and analysis methods used at Parkes and at Jodrell Bank were described by Manchester et al. (2001) and Morris et al. (2002) respectively. The Arecibo timing observations were taken with 100 MHz bandwidth centred at 1400 MHz, using the "L-narrow" receiver with a system temperature of 25-30 K † . The incoming telescope voltages were sampled by the Wideband Arecibo Pulsar Processor (Dowd, Sisk & Hagen 2000) , a digital correlator with three-level sampling, producing 128 lags across 100 MHz. Dual circular polarizations were summed in hardware, and 16-bit data samples written to disk every 64 µsec. Typical integration times were 60 or 120 seconds. The data were then dedispersed and folded off-line modulo the predicted topocentric pulse period. For every observation of each pulsar we obtained a pulse topocentric arrival time (TOA). Using the TEMPO program ‡ we fitted a timing model, which contained the pulsar's position, rotational period and its derivative, to the TOAs of each pulsar. In Table 1 we provide these positions in equatorial and Galactic coordinates. Subsequent columns contain information on the discovery of each pulsar: the beam number (corresponding to the 13 beams of the multibeam receiver) for the highest S/N discovery observation of this pulsar, the radial distance between the centre of this beam and the position of the pulsar (beam radii greater than one beam width occur if the pulsar scintillates or nulls or the closest pointing was contaminated by interference) and the S/N of the profile during this observation. The observations used to form TOAs were added together to provide a characteristic pulse profile for each pulsar at 1374 MHz (Figure 1) . The final three columns in Table 1 contain the flux densities measured from these mean profiles and the pulse widths at 50% and 10% of the pulse height. The 10% width is not measurable for pulsars with mean profiles that have poor signal-to-noise ratios. For profiles containing multiple components the widths are measured across the entire profile.
Some of the profiles observed at Arecibo had significant dips at the start of the observed pulse shape. These are due to instrumental data quantization problems. For cases where dips remained even after applying a correction scheme (van Vleck & Middleton 1966), we used Parkes observations to determine the flux density and pulse widths (and provide the profile obtained at Parkes in Figure 1 ) if high S/N profiles were available. For the remaining pulsars that were observed at the Arecibo Observatory, flux densities were obtained using estimates of the gain and system temperatures (these vary significantly with zenith angle and were therefore found separately for each observation § ). The sky temperature at each position was estimated from Haslam et al. (1982) assuming a spectral index of −2.5 (Reich & Reich 1988) . The scale was determined by comparing the baseline noise with the predictions of the radiometer equation and flux densities were found by integrating under the peak of each profile. Individual observations were averaged to find the mean flux density for each pulsar. This was then corrected for off-centre pointing by assuming a Gaussian beam shape with a beam width of 3.6 arcminutes. Estimated un- § see http://www.naic.edu/~astro/RXstatus/ Lnarrow/ln_gain_postaug01.shtml and http://www.naic.edu/ astro/RXstatus/Lnarrow/ln_tsys_2001.shtml certainties for all parameters are given in parentheses where relevant and refer to the last quoted digit.
The pulsars' rotational parameters are given in Table 2. In column order, this table provides each pulsar's name, solar-system barycentric pulse period, period derivative, epoch of the period, the number of TOAs used in the timing solution, the MJD range covered by the timing observations, the final root-mean-square values for the timing residuals and the dispersion measure. The data have been folded at two and three times the tabulated periods in order to confirm that they represent the fundamental periods of the pulsars. Pulsars timed primarily at Arecibo or Jodrell Bank are indicated by a superscript 'A' or 'J' respectively; all other pulsars were timed using the Parkes telescope. PSRs J1016−5857 and J1437−6146 have both glitched. Table 2 contains their post-glitch solution; full details of the glitches will be provided in a later paper. A preglitch timing solution for PSR J1016−5857 has also been published by Camilo et al. (2001a) . A timing solution for PSR J1847−0130 was previously published by McLaughlin et al. (2003a) .
Five pulsars in our sample were independently discovered by other surveys. We define pulsars as independent discoveries if our confirmation of the pulsar candidate occurred prior to the pulsar's parameters being published elsewhere. Three, PSRs J0843−5022, J1352−6803 and J1415−6621, were detected in the Swinburne multibeam pulsar survey . The timing solution given in Ta Tables 1 and  2 is obtained from Lorimer & Xilouris (2000) . The flux density and pulse widths were obtained from the Parkes multibeam data. The flux density tabulated of 0.29(4) mJy agrees well with the earlier measurement of 0.3(1) mJy. PSR J1435−5954, was independently discovered at Parkes in an unpublished pulsar search during the year 1995. We provide a timing solution from observations between 1995 and 1998. PSR J1420−5625 is a 34 ms pulsar in a 40-day binary system. The orbital parameters for this intermediate-mass binary pulsar system are given in Table 3 and discussed in Section 3.1.2. All published parameters may also be obtained online using the ATNF pulsar catalogue ¶ (Manchester et al., in preparation) .
DISCUSSION
This discussion section is in two parts: we first describe the newly discovered pulsars and second discuss those that were detected, but not discovered, during the multibeam survey. ¶ http://www.atnf.csiro.au/research/pulsar/psrcat 
New discoveries
In Table 4 we list the pulsars' derived parameters: the logarithm of the characteristic age in years, the surface dipole magnetic field strength, Bs = 3.2 × 10 19 (PṖ ) 1/2 in Gauss, and the rate of loss of rotational energy in erg s −1 where a neutron star with moment of inertia of 10 45 g cm 2 is assumed. The final columns contain the pulsar distances and luminosities. The distances are computed from their dispersion measures assuming the Taylor & Cordes (1993) model for the Galactic distribution of free electrons. This model is used, rather than the more recent Cordes & Lazio (2002) or Gomez, Benjamin & Cox (2002) models for consistency with the distance and luminosity values provided in earlier papers of this series. The implications of using the Cordes & Lazio (2002) model for the determination of the distances and luminosities of the multibeam pulsars was described in Kramer et al. (2003) . In general, the distances are less accurate than the 0.1 kpc quoted because of uncertainties in the electron density model.
Rotational properties
A P -Ṗ diagram is shown in Figure 2 with the 180 new discoveries presented in this paper highlighted (open circles). Three of these pulsars (PSRs J1821−1419, J1718−3718 and J1847−0130) lie just inside a region of the diagram that is expected to be radio quiet (Baring & Harding 2001) . However, the exact position of the boundary that defines this region is not well determined and, for instance, depends upon the poorly known height of the radio emission above the neutron star's surface. Two of these pulsars, PSRs J1718−3718 and J1847−0130, have rotational parameters similar to the anomalous X-ray pulsars (diamond symbols in Figure 2 ) and have already been discussed by McLaughlin et al. (2003a,b) . PSRs J1847−0130 and J1736−2843 have rotational periods greater than six seconds and are the second and third slowest rotating radio pulsars known. However, even with its long rotational period, PSR J1736−2843 lies in the P -Ṗ diagram below the 'radio-quiet' boundary and above the death-line.
Our sample also includes the solitary millisecond pulsars, PSRs J1843−1113 (P = 1.85 ms) and J1905+0400 (P = 3.78 ms). PSR J1843−1113 is the third fastest rotating pulsar known (after PSRs B1937+21 and B1957+20 which have spin periods of 1.56 and 1.61 ms respectively). We reported in earlier multibeam papers that the multibeam survey had discovered fewer recycled pulsars than expected (see also Toscano et al. 1998 ). This lack of recycled pulsars was partly due to a poor choice of software filters that were ap- plied to remove known interference before searching begins for pulsar candidates. Hobbs (2002) showed that significant increases in the detection rates of millisecond pulsars could be made by improving these filters. The multibeam data are currently being reanalysed with updated search code. A full description of this reprocessing will be published by Faulkner et al. (in preparation). Bailes et al. (1997) reported on the discovery of four isolated millisecond pulsars. Three of these have very low luminosities while the other had a more intermediate luminosity. They concluded that the solitary millisecond pulsars are less luminous than those in binary systems. This result was confirmed by Kramer et al. (1998) using a sample of seven isolated millisecond pulsars. The two solitary pulsars, PSRs J1843−1113 and J1905+0400, reported in this paper also have low luminosities at 1400 MHz of 0.39 and 0.09 mJy kpc 2 respectively. The median luminosity at 1400 MHz for the 16 solitary millisecond pulsars known is 0.4 mJy kpc 2 and the luminosity range is from 0.03 mJy kpc 2 for PSR J0030+0451 to 207 mJy kpc 2 for PSR B1937+21. The corresponding luminosities for millisecond pulsars in binary systems range between 0.39 mJy kpc 2 to 126 mJy kpc 2 and have a median value of 3.7 mJy kpc 2 . We must, however, emphasise that (i) the fastest rotating and solitary pulsar, PSR B1937+21, has the highest observed luminosity of all the recycled pulsars, (ii) derived luminosities are highly dependent upon the distance to the pulsar and therefore have large uncertainties and (iii) many millisecond pulsars scintillate and therefore published flux densities may not give a true representation of the pulsar's intrinsic luminosity.
The three millisecond pulsar discoveries all have implications for high precision pulsar timing and its applications. For instance, observations of PSR B1937+21 have been used to place limits on the gravitational wave background (Lommen 2002) . The three discoveries are all well out of the ecliptic plane and have moderate dispersion measures (from 26 cm −3 pc for PSR J1905+0400 to 64.9 cm −3 pc for the binary system PSR J1420−5625). A figure of merit for precision timing measurement is the ratio S/W 3/2 where W is the pulse width and S the flux density. However, because of their low flux densities, these three discoveries have lower figures of merit than some other millisecond pulsars such as PSRs B1937+21 and J0437−4715, but they still may be useful as part of a millisecond pulsar timing array. PSR J1843−1113 has been observed at the Parkes observatory using a filterbank with a channel bandwidth of 0.5 MHz and a sampling time of 80 µs. In a typical ten minute observation, signal-to-noise ratios of 10 and uncertainties in Table 4 . Derived parameters for 180 pulsars discovered in the Parkes multibeam pulsar survey. We list the characteristic age, the surface dipole magnetic field strength, the loss in rotational energy, the distance derived from the DM and the Taylor & Cordes (1993) the arrival times between 3 and 8 µs have been achieved. It should also be possible to decrease the uncertainties in the arrival times with improved instrumentation.
PSR J1420−5625
The binary system PSR J1420−5625 has a rotational period of 34 ms, a companion mass >0.4M⊙, a relatively large orbital eccentricity of e = 0.0035 and an orbital period of ∼ 40 days (Table 3) . We note that the periastron advance, ω, is likely to be measurable soon which would provide a value for the total system mass. As PSR J1420−5625 is a recycled pulsar and the system's orbital eccentricity is significantly less than that measured for double-neutronstar systems, the companion is almost certainly a white dwarf (WD) star. As reviewed in Tauris is unlikely that the companion is a He-WD; most likely it is a CO-WD.
Similar binary systems have already been discovered during the multibeam survey and were described by Camilo et al. (2001b ) . Due to their relatively long millisecond spin periods and/or large orbital eccentricities these pulsars are unlike the more common low-mass binary pulsars (LMBPs) and were thus catagorised as being intermediate-mass binary pulsars (IMBPs) . PSR J1420−5625 has a similarly large spin period and orbital eccentricity and is therefore also an IMBP making 14 such systems known (Table 5) .
PSR J1420−5625 has the longest orbital period and largest orbital eccentricity of the known IMBPs. reviewed two plausible scenarios for such binary systems. The first, consisting of massive late case Camilo et al. (2001) defined IMBPs as objects that once had intermediate-mass donor stars. This applies to pulsar systems with spin periods between 10 and 200 ms and orbital eccentricities less than 0.01. Figure 2 . P-Ṗ diagram containing the multibeam pulsars listed in this paper (circles) overlaid on the previously known population. Diamonds indicate the anomalous X-ray pulsars (AXPs) and large crosses the soft γ-ray repeaters (SGRs) that are listed in the ATNF pulsar catalogue (version 1.13; Manchester et al., in preparation) . Lines of constant magnetic field are shown as dashed lines and assume that pulsars, AXPs and SGRs spin down due to magnetic dipole radiation. The AXPs and SGRs lie in a region of the diagram that is predicted to be radio quiet (indicated using a dot-dashed line; and defined by Equation 10 in Baring & Harding 2001) . The solid line is a 'death line' defined by 7 log Bs − 13 log P = 78 (Chen & Ruderman 1993) .
A/early case B mass transfer (Tauris, van den Heuvel & Savonije 2000) where the Roche lobe overflow started before or soon after the termination of hydrogen core burning, is limited to systems with orbital periods greater than a few days and up to ∼ 70 days and companions lighter than ∼ 0.9 M⊙. The second, common envelope evolution on the first or second ascent of the red giant branch, is able to account for the remaining systems. PSR J1420−5625 is well modelled by the first scenario. noted that there seemed an underdensity of pulsars with orbital periods between 12 and 56 days. PSR J1420−5625 lies within this range and this apparent underdensity may have been due only to the small number of such systems known.
Previously known pulsars
The survey region contains 264 known radio pulsars not discovered by the multibeam survey; over half of these were found during the second Molonglo survey (Manchester et al. 1978) , the Jodrell 'B' survey (Clifton et al. 1992) or the Parkes 20-cm survey (Johnston et al. 1992) . We have obtained folded pulse profiles for 249 of these pulsars using the multibeam data. Four pulsars (J1841−0345, J1842−0415, J1844−0310 and J1905+0616) were discovered independently in the multibeam survey and other surveys. Parameters for these pulsars were provided in Morris et al. (2002) . The remaining 11 pulsars listed in Table 6 were not detected. This was expected for 10 out of the 11 as these weak pulsars were originally discovered during long observa- A further 32 previously known pulsars that lie outside the nominal survey region were detected mainly due to i) observations that were slightly outside of the survey region, ii) early observations that were made in the Galactic longitude range 220
• < l < 260
• and iii) bright pulsars being observable many beam widths away from their actual position. For the 281 previously known pulsars that were detected during the multibeam survey we list, in Table 7 , each pulsar's name, Galactic position, the beam corresponding to the highest S/N detection of this pulsar, the radial distance from the centre of this beam to the actual pulsar's position in units of beam radii and the S/N of the pulse profile in this detection. If available, we also provide a previously published value for the pulsar's dispersion measure and flux density at 1400 MHz to compare with our measurements. The final columns in this table give the pulse width at 50% and 10% of the peak height obtained from the multibeam data.
Flux densities
It is notoriously difficult to obtain flux density measurements that agree with earlier values as (i) low dispersion measure pulsars scintillate, (ii) pulsar receiver systems are complex with different systematic biases in different systems, (iii) the received power is a function of telescope elevation and sky temperature and (iv) radio frequency interference (RFI) may significantly affect measured values. The flux density measurements given in Table 7 were obtained in an identical way to those for the Parkes multibeam dis- Fruchter & Taylor (1995) coveries listed in this and previous papers in this series. Full details of the method applied to obtain the flux densities were provided in Manchester et al. (2001) . To summarise, the flux densities were calibrated using catalogued 1400 MHz flux densities for 13 pulsars that had high dispersion measures (to minimise variations caused by scintillation). The effect of the varying sky background temperature was determined by scaling the values of the sky background temperature at 408 MHz from the Haslam et al. (1982) all-sky survey to 1374 MHz, assuming a spectral index of −2.5. We correct for off-centre pointing by assuming a Gaussian beam shape of width 14.4 arcminutes. Due to uncertainties in this method, we do not provide flux density measurements for pulsars more than 1.8 beam widths away from the centre of the beam (this cutoff is chosen as the beam shape is still reasonably well modelled by a Gaussian up to this approximate distance). The mean pulse profiles at 1374 MHz that were used in determining the flux densities are shown in Figure 3 . The brightest pulsars (indicated with an asterisk in Table 7 ) saturated the digitizer leading to significantly underestimated flux density measurements and poor pulse profiles. No flux densities or pulse widths are given for these pulsars in Table 7 .
In Figure 4 we compare flux density measurements for all the pulsars with dispersion measures greater than 100 cm −3 pc that are not expected to scintillate strongly. In general, there is good agreement with earlier results. Discrepancies can only be explained by calibration or measurement errors in our or in earlier work. We note that the observing bandwidth of 288 MHz used in these multibeam observations is much larger than that used for previous 20-cm observations. This has the effect of averaging over multiple interference maxima (scintles) and hence lowers the uncertainty in the flux density value due to scintillation effects. Some previous studies have tended to select their best quality data when determining a flux density. This results in an overestimate of the mean flux density. In any case, the sample of flux densities provided here were obtained using identical on-line and off-line systems and software as the published results for the multibeam survey discoveries. This leads to a sample of almost 1000 pulsars whose flux densities have been measured in an identical way.
For the 38 pulsars listed in Table 8 we have obtained the first flux density measurement at 20 cm. As flux density measurements at other observing frequencies exist in the literature, it is possible to determine the spectral indices of these pulsars. These spectral indices range from −3.3 for PSR B0826−34 to −0.3 for PSR B1804+12 and lie well within the range of −3.4 to 0.2 found by Lorimer et al. (1995) . The mean spectral index of −1.9 is, however, slightly steeper than −1.6 found in the earlier analysis. Discrepancies do however exist. For instance, Lorimer et al. (1995) measured spectral indices of −1.4 and −0.7 for PSRs B1813−26 and B1907+03 respectively compared to the steeper values of −2.2 and −2.1 obtained with our data. The spectra for these two pulsars steepen at higher frequencies, an effect commonly observed in other pulsars (Maron et al. 2000) .
Dispersion Measures
For the pulsars listed in Table 9 we have obtained dispersion measure measurements more than an order of magnitude more precise than earlier results. Large discrepancies exist between the measured and previously determined dispersion measures for the three pulsars listed in Table 10 . Small, but significant, changes in the absolute value of the dispersion measure may be accounted for by dispersion measure variations (see, for example, Hobbs et al. submitted to MNRAS) . The largest discrepancy in Table 10 exists for PSR J0905−4536. Earlier archived observations of this pulsar from the Parkes telescope also suggest a much higher dispersion measure value than that obtained by D' Amico et al. (1998) . We therefore believe that this earlier result was in error.
CONCLUSION
Observations for the Parkes multibeam pulsar survey have been completed. Processing of the data has so far led to over 700 new pulsar discoveries. Combining the new discoveries with redetections of previously known pulsars results in a sample of almost 1000 pulsars in the Galactic plane that have been analysed in a similar fashion. When we have completed processing the data from the multibeam survey, a Table 7 . Results for 281 previously known pulsars. Catalogued and new dispersion measures and flux densities are provided along with new pulse widths. An asterisk indicates pulsars that saturated the digitizer; for these no flux densities or pulse widths were measured. The pulsars, PSR J0820−3927 and J0821−4217 were discovered during the Parkes high latitude survey (Burgay et al., in preparation) . The catalogued flux densities and dispersion are taken from 56 different journal articles. Full bibliographic references may be obtained from the ATNF pulsar catalogue, version 1.13 (Manchester et al., in preparation well-defined sample of pulsars in the Galactic plane will exist with flux densities and dispersion measures all acquired in an identical manner. This sample will be used to update earlier studies of the pulsar population such as determining the pulsar birthrate and the total number of active pulsars in the Galaxy. Table 7 are compared. The solid lines indicate equality between the catalogued and measured flux values.
